Abstract-In this paper, an exceptionally sensitive form of electron paramagnetic resonance called electrically detected magnetic resonance (EDMR) is utilized to investigate performance limiting imperfections at and very near the interface of 4H-silicon carbide MOSFETs. EDMR measurements are made over an extremely wide range of frequencies, 16 GHz-350 MHz. Multiple interface/near interface defects are identified and strong evidence for significant disorder at the interface region is presented.
I. INTRODUCTION

I
T HAS been known for some time that 4H-silicon carbide (4H-SiC) MOSFETs show promise in high-power and high-temperature applications due to, among other things, its wide bandgap (3.2 eV) and ability to form a native SiO 2 oxide [1] . In certain applications, SiC MOSFETs could offer a substantial cost-effective performance improvement over silicon technology due to its higher critical breakdown field and thermal conductivity. Unfortunately, the SiC/SiO 2 interface is much more complex than the Si/SiO 2 interface, and its imperfection can severely limit device performance and stability.
Low effective channel mobility as well as threshold voltage instability at elevated temperature remain significant concerns in SiC MOSFETs. Early MOSFETs had extremely low effective channel mobility (≈1 cm 2 /V · s). The addition of processing steps involving nitrogen, growth in N 2 O and/or a postoxidation anneal in NO, significantly increases channel mobility in n-channel MOSFETs by more than an order of magnitude to about 30 cm 2 /V · s [2] . Both processes affect the SiC/SiO 2 interface similarly and introduce nitrogen into the channel [3] . (Additional approaches such as counter doping the interface with antimony [4] and the utilization of phosphosilicate glass at the interface [5] have shown promise for additional improvements.) The increase in effective channel mobility is likely due to nitrogen passivation of interface defects [6] , [7] as well as an increase of charge carriers in the channel and coulombic shielding via the nitrogen counter-doping effect [2] , [8] - [10] . The counter-doping effect arises when nitrogen is incorporated into the SiC at the SiC/SiO 2 interface (from N 2 O growth, NO anneal, or both). Ionization of the nitrogen can increase both the channel conductivity and coulombic shielding. A second topic of great current interest is the instability in threshold voltage when devices are subjected to both positive and negative gate bias at elevated temperature. It is widely accepted that these bias temperature instabilities involve the occupation and/or the creation and occupation of near interface traps [11] - [13] . Since the presence of electrically active defects in the interface region almost certainly plays a dominating role in both of these issues, the development of a fundamental understanding of the structure of the SiC/SiO 2 interface region, especially a fundamental understanding of the trapping centers, is of considerable importance.
One logical approach toward the development of such a fundamental understanding is through electron paramagnetic resonance (EPR). This technique is unrivaled as an analytical tool for the study of trapping centers in semiconductors and insulators. However, its absolute sensitivity, about 10 10 total defects, is too low to study individual devices. To overcome the sensitivity limitation, electrically detected magnetic resonance (EDMR) is used to study individual devices. EDMR is a derivative of EPR, and, like conventional EPR, has the ability to directly extract physiochemical information about electrically active defects in fully processed MOSFETs. In addition, EDMR via spin dependent recombination (SDR) utilizing the bipolar amplification effect (BAE) [14] or spin-dependent charge pumping (SDCP) [15] can exclusively access traps at or very near the SiC/SiO 2 interface.
These attributes make EDMR a very attractive technique to study SiC MOSFETs.
EDMR via SDR can provide EPR detection of defects because recombination is a spin-dependent process [16] . Recombination occurs when a paramagnetic charge carrier in either the valence or conduction band transitions to a deep level defect and recombines through the subsequent capture of a charge carrier of the opposite charge. Its spin dependence can be understood by considering the physics involved as the charge carrier transitions to the deep level defect [16] . Before the charge carrier can transition, it forms an intermediate state with the deep level defect. The charge carrier-defect pair may form two types of intermediate states: singlets and triplets. The singlet state allows recombination because charge capture conserves angular momentum (total spin = 0 before and after charge capture). Conversely, the triplet state does not allow conservation of angular momentum (total spin = 1 before charge capture) and therefore does not lead to recombination. In EDMR via SDR, SDR is induced by increasing the ratio of singlet to triplet intermediate states by EPR. Increasing the singlet states thus increases recombination current. It is this current change as a function of magnetic field which provides the EDMR signal.
To understand the underlying physical principles and the utilization and analytical power of this resonance-based approach, a few words about the magnetic resonance condition may be useful. In the simplest case, for an electron in free space, magnetic resonance occurs when the electromagnetic photon energy, hν, is equal to the electron Zeeman energy [17] . The resonance condition is met by hν = g e μ B B.
(
Here, h is Planck's constant, ν is the electromagnetic radiation frequency, g e is the Lande' g-factor (g e = 2.0023193 . . .), μ B is the Bohr magneton, and B is the magnetic field at resonance. When resonance occurs, the electron flips spin states from + 1/2 to −1/2 (or vice versa). The analytical power of EPR (and EDMR) comes from deviations from this simple case resonance condition caused by the paramagnetic site environment [17] . For the defects involved in this paper, deviations result from electron interactions with orbital angular momentum and nearby magnetic nuclei. Spin orbit coupling alters the free electron's g e from 2.0023193(. . .) to a number that varies with defect orientation in the magnetic field. The g-value (g) is generally expressed as a second rank tensor. Nearby magnetic nuclei alter the local magnetic field experienced by the electron; these contributions to the resonance condition are called hyperfine interactions. Spin orbit coupling and hyperfine interactions modify the resonance condition, yielding expressions of the form
Here again, h is Planck's constant, ν is the electromagnetic radiation frequency, and B is the magnetic field at resonance, but now g is essentially a second rank tensor, A i represents the hyperfine interaction with the i th magnetic nuclei, and I i is the nuclear spin quantum number of the i th magnetic nuclei.
The A i values are also usually expressed in terms of a second rank tensor. Analysis of resonance spectra in terms of equations of this form allows definitive identification of the physiochemical structure of defects [17] .
II. EXPERIMENTAL
In a typical EDMR measurement, a MOSFET is placed into an EPR spectrometer cavity (in the high-frequency case, Kand X-band) or an RF coil (in the low-frequency case). The device is exposed to constant frequency electromagnetic radiation and is biased in such a way as to produce a recombinationdominated current. The quasi-static magnetic field is linearly swept across the resonant field and the SDR-induced current change is measured via a preamplifier. (For simplicity, from this point forward, the quasi-static magnetic field will be referred to as the magnetic field.) Phase sensitive detection of the change in current yields a display which approximates the first derivative of SDR current change versus magnetic field.
Measurements were made with three custom built spectrometers. Each spectrometer utilizes different electromagnetic radiation frequencies: K -band (16 GHz), X-band (9.5 GHz), and ultralow frequency (350 MHz). The K -band spectrometer consists of a 4-in Resonance Instruments electromagnet, a Hewlett-Packard power supply, a temperature-compensated Lake Shore Cryotronics 475 digital signal processor (DSP) Gaussmeter and Hall probe, a TE 102 microwave cavity, a Resonance Instruments K -band microwave bridge, a Stanford Research Instruments SR830 lock-in amplifier, and a Stanford Research Instruments current-to-voltage preamplifier. The X-band spectrometer consists of a 4-in Lake Shore Cryotronics electromagnet and power supply, temperature-compensated 475 DSP Gaussmeter and Hall probe, a Bruker-Biospin TE 102 microwave cavity, a Micro-Now model 8330 X-band microwave bridge, a current-to-voltage preamplifier, an analog-to-digital converter, and a computer that provides virtual lock-in amplification. The ultralow frequency (low field) spectrometer consists of a custom-made 6-Helmholtz coil electromagnet, a Kepco power supply, a temperature-compensated Lake Shore Cryotronics Gaussmeter and Hall probe, a Stanford Research Instruments SG382 microwave generator, a Doty Scientific surface coil (353-MHz resonant frequency), a Stanford Research Instruments current-to-voltage preamplifier, an analog to digital converter, and a computer that provides virtual lock-in amplification. All spectrometers also utilize a computer to control magnetic field and record data. (All but Fig. 1 in this paper shows approximate first derivative displays.)
All MOSFETs used in this paper are 4H-SiC lateral MOSFETs manufactured by General Electric or Cree. All General Electric (GE) devices that received a post oxidation NO anneal were thermally grown in wet N 2 O. The devices which did not receive and NO anneal were thermally grown in steam. The GE MOSFETs were manufactured in a single lot and include three sets of p-type MOSFETs (pMOSFETs) and one set of n-type MOSFETs (nMOSFETs). One set of pMOSFETs (channel doped to 8.5 × 10 15 ) did not receive an NO anneal, while the other two received NO anneals: one at 1175°C and one at 1250°C, with channels doped to 2.0×10 15 Theoretical EDMR spectra at high gain. (c) Equally highgain EDMR spectra from a SiC nMOSFET obtained using the BAE biasing scheme. The spectra are shown as absorption traces, not derivative like spectra, to more clearly illustrate the hyperfine splitting. and 8.6 × 10 16 , respectively. The nMOSFET received an NO anneal at 1250°C with channel doped to 7.7 × 10 16 . All GE MOSFETs had channel dimensions of 100×100 μm and had a 50-nm SiO 2 gate oxide. The Cree devices include two nMOSFETs: one which had received an NO anneal and one which did not receive an NO anneal. Both had channel dimensions of 100 × 5 μm and a 50 nm thermally grown (2-step growth: in dry O 2 , followed by wet O 2 ) SiO 2 gate oxide. The two devices were processed identically except for inclusion or exclusion of the postoxidation NO anneal.
We utilize the BAE biasing scheme to provide a heavily SiC/SiO 2 interface-dominated SDR current. In this scheme, the body is grounded, the source is forward biased, the drain is at virtual ground, and the gate was negatively biased in such a way as to maximize the SDR current [14] . We also make limited measurements utilizing SDCP [15] . Therefore, since the measured current interacts only with the interface or near-interface channel region, all defects observed in this paper are located at or very near to the SiC/SiO 2 interface. All measurements were performed at room temperature.
III. RESULTS AND DISCUSSION
A. Identification of the SiC Silicon Vacancy and Its Relation to Effective Channel Mobility
Previous X-band EDMR studies utilizing a wide variety of 4H-SiC nMOSFETs have consistently detected the dominating presence of a defect with an EDMR spectrum exhibiting an isotropic g = 2.0030 [15] , [21] , [22] . Fairly extensive conventional EPR studies on large volume samples (≈1 cm 3 ) have identified a g ≈ 2.003 spectrum as a Si vacancy [18] - [20] . In these conventional large sample volume EPR studies, both 29 Si and 13 C hyperfine interactions have been identified and well characterized. The small splitting caused by the 29 Si hyperfine interactions is blurred and beyond the resolution of our EDMR measurements; however, the 13 C interactions are resolved and allow a definitive identification as shown in Fig. 1(a) . Fig. 1(b) shows the theoretical EDMR spectra of the Si vacancy utilizing the hyperfine parameters defined by conventional EPR measurements [18] - [20] at high gain. The figure schematically shows the relative contributions to the spectrum, emphasizing the fact that the 13 C interactions should produce side peaks separated by about 13.6 Gauss with each peak accounting for 1.5% of the total and 27.8 Gauss with each of the more widely separated side peaks accounting for 0.5% of the total intensity. Fig. 1(c) is an EDMR spectrum of a 4H-SiC nMOSFET provided by Cree Corporation. The figure shows an EDMR spectrum utilizing fast passage EDMR [22] with the magnetic field oriented approximately perpendicular to the SiC/SiO 2 interface. The experimentally obtained spectrum and the theoretical spectrum generated from the previously established hyperfine parameters and g value match exceptionally well, thus providing a convincing identification of this defect.
The importance and role of this defect in the SiC/SiO 2 interface of 4H-SiC MOSFETs is indicated by representative measurements utilizing the BAE, as shown in Figs. 2 and 3 , comparing the Si vacancy EDMR amplitudes in devices that have and have not received the nitrogen processing. The NO anneal decreases the Si vacancy EDMR amplitude by about a factor of 30 and increases mobility by about a factor of 22. Figs. 2 and 3 also show that shoulders, present on both sides of the central line, are also greatly reduced by the NO anneal. This representative result has been observed in numerous comparisons of 4H-SiC nMOSFETs. It is worth specific mention that the large reduction of the silicon vacancy EDMR spectra of two nMOSFETs utilizing the BAE biasing scheme. (a) EDMR spectra of nMOSFET which did not receive an NO anneal. (b) EDMR spectra of nMOSFET which did receive an NO anneal. The NO anneal significantly decreases the EDMR signal amplitude and increases channel mobility. Fig. 3 . Comparison of (a) EDMR spectra of an nMOSFET that has received an NO anneal and (b) EDMR spectra of an nMOSFET that has no received an NO anneal utilizing spin dependent charge pumping. Again, the NO anneal greatly decreases the EDMR amplitude. spectrum is observed in SDCP measurements [15] , [21] , as shown in Fig. 3 . Since charge pumping is a well-established interface/near interface characterization tool [23] , the SDCP result clearly links the silicon vacancy defect to interface/near interface traps. These results indicate that the silicon vacancy and possibly the defect or defects responsible for the shoulders on the central line are at least partially responsible for the low device performance of 4H-SiC MOSFETs.
Although this may indeed be the case for nMOSFETs, a somewhat more complicated picture emerges in a comparison of pMOSFETs that have and have not received N 2 O + NO gate oxide processing. These EDMR measurements, as shown in Fig. 4 , show that N 2 O + NO processing also reduces the EDMR response at/near the interface by a factor of about 30, but unlike nMOSFETs, the pMOSFET effective channel mobility is not significantly increased. In the devices illustrated, the mobility improvement is only about 10%. (The three pMOSFETs used to generate the results of Fig. 3 were provided by GE.) We conclude that the silicon vacancy is not the only performance limiting mechanism in SiC pMOSFETs.
This result, a large improvement of n-channel device mobility but no improvement of p-channel device mobility, is consistent with previous observations interpreted in terms of a counter-doping effect from nitrogen [8] - [10] . If part of the n-channel mobility enhancement due to increased free carriers and free carrier shielding in the channel is due to addition of shallow donors, we would not necessarily expect to see these effects on mobility in p-channel devices. Furthermore, it has been reported that NO annealing does not reduce [7] and even increases [6] , [24] , [25] the trap density near the valence band edge. Our results may be consistent with these observations because our EDMR measurements via SDR do not detect defects close to the valence band edge. There are clearly factors in addition to the silicon vacancy involved in limiting the performance of these devices. Identifying these factors would be helpful in developing pMOSFETs for SiC CMOS technology or devices without a N 2 O or NO processing step. Eliminating N 2 O + NO processing may be beneficial since nitrogen in the channel significantly shifts threshold voltage.
B. Multiple Field and Frequency EDMR Study: Additional Potential Causes for Low Mobility
To further investigate the SiC/SiO 2 system, we have initiated a multiple field and frequency EDMR study. Multiple frequency magnetic resonance measurements can sometimes elucidate structural information that is not obvious in single frequency measurements, in large part, because the contributions to the shape of the spectrum due to g collapse at low frequency and are enhanced at high frequencies, whereas contributions to the shape of the spectrum from hyperfine interactions, particularly isotropic hyperfine interactions, are essentially independent of the magnetic field and frequency of measurement. Since EDMR sensitivity is, unlike conventional EPR, essentially independent of the field and frequency of measurement, the EDMR approach provides an enormous advantage in such variable magnetic field and frequency measurements. Fig. 5 shows a comparison of high (9.5 GHz) and very low (350 MHz) EDMR measurements on the same non-NO annealed pMOSFET utilized in the measurement of Fig. 4 . Note that the prominent shoulders on the high-frequency spectra have become clearly resolved side peaks in the low-frequency spectra. This is possible because the central line has quite significantly narrowed in the low frequency EDMR measurement, clearly exposing the side peak structure. The two side peaks are separated by about 11 Gauss, and limited measurements as a function of sample orientation indicate that this splitting is isotropic. Recall that the measurement is specifically sensitive to the SiC/SiO 2 interface region. An EPR spectrum consisting of two narrow lines separated by about 11 Gauss has been investigated extensively in SiO 2 systems. It is attributed to a hydrogen complexed E' center [26] . E' centers are quite important in Si-based MOS technology [27] . They involve a dangling bond on a Si backbonded to three oxygens and are often holes trapped in oxygen vacancies. The 10.4 Gauss doublet designation comes from the two line spectrum (thus doublet) and the separation between the two lines (about 10.4 Gauss). The presence of hydrogen is not surprising, among other reasons, because GE processing utilizes a wet oxidation growth process. This representative result, comparable with results obtained on other devices, both n-and p-MOSFETs, indicates that E' centers, certainly these hydrogen complexed centers, can also play a role in limiting device performance.
Additional information may be gleaned from higher frequency and field measurements made at K -band (16 GHz frequency and 5690-5730 Gauss magnetic field). Fig. 6 shows K -band results on n-and p-channel devices; in Fig. 6(b) , the nMOSFET and pMOSFET spectra were both acquired when the magnetic field is approximately parallel to the crystalline c-axis. The pMOSFET was provided by GE and had not received an NO anneal. The nMOSFET was provided by Cree Corporation and also had not received an NO anneal. Although, as Fig. 6(a) shows, no additional features are present in the nMOSFET EDMR, a second line is apparent in the pMOSFET EDMR spectrum. The pMOSFET measurements show two lines near the center. One line has a g = 2.0032 and another weaker narrower line has a g = 2.0023 when the crystalline c-axis is about parallel to the magnetic field. The line with g = 2.0023 is apparently orientation independent; unfortunately, its presence is, at other orientations near that shown, obscured by the strong silicon vacancy signal. Oriented with the c-axis perpendicular to the magnetic field, it is not detectable. Although these very limited data preclude a definitive identification of this defect, we note that there is a clearly detectable difference between the defects observed in n-and p-channel devices. There are at least two reasons which might explain this difference: 1) we are accessing a somewhat different portion of the band gap, as the measurements utilize the BAE detection scheme or 2) the narrow g = 2.0023 defect spectrum does not exist in comparable quantities in nMOSFETs. If the former is the case, our results suggest that the g = 2.0023 defect level is in the lower part of the SiC band gap since a lower part of the band gap is accessed in BAE measurements made on pMOSFETs than on nMOSFETs. At a minimum, we know that the g = 2.0023 defect is on the SiC side of the interface because it has an anisotropic g, which is only possible if the defect resides in a crystalline environment. Speculatively, since the g measured when the c-axis is perpendicular to the magnetic field is, within experimental error, equal to that of the free electron, and a result consistent with both elementary [9] and quite sophisticated calculations [28] , for both silicon and carbon dangling bond defects, a plausible inference would be that the signal is due to a silicon or carbon dangling bond center at the interface. (Measurements on porous silicon carbide have previously lead others to infer that carbon dangling bonds are present at SiC/SiO 2 interface [29] .)
C. Disorder Detected at the SiC/SiO 2 Interface: Possible Cause of Low Mobility?
Other interesting, if somewhat tentative, conclusions may be drawn from the high and ultralow frequency EDMR comparisons. A close inspection of the line widths of the high and ultralow frequency EDMR spectra yields additional insight. As Fig. 7 shows, there is a large difference between the line widths of the high and ultralow frequency EDMR spectrum of the silicon vacancy; note that there is also a quite significant difference between the ultralow frequency line widths, and both n-and p-channel devices exhibit significantly broader lines in the N 2 O + NO or NO processing cases.
As mentioned previously, for the defects investigated in this paper, the deviations from the free electron resonance condition come from two sources: spin-orbit coupling (which affects the g-tensor) and electron-nuclear moment hyperfine interactions. The hyperfine interactions affecting the central part of the Si vacancy spectrum are weak and isotropic. Such interactions are field and frequency independent [9] . In a perfect crystalline environment, the contributions to the resonance from g could not contribute to line broadening. Yet, apparently they do. How could this be? In a significantly disordered environment, a frequency dependent broadening is anticipated and observed. One can understand this by considering a sample with a simple axially symmetric g tensor: g x x = g , g yy = g zz = g ⊥ . If only a single defect orientation were to be present in a sample, only a single resonance field would appear. However, in a polycrystalline or amorphous sample, with the full range of defect field orientations present, one would anticipate line width given by
where B is the line broadening, h is Planck's constant, μ B is the Bohr magneton, ν is the EM radiation frequency, g ⊥ and g are the g values of defects aligned perpendicular and parallel to the magnetic field, respectively. A range of g values cannot exist for a perfectly crystalline environment; however, with quite significant disorder, one would expect a site to site variation in g which would inevitably yield a frequency dependent broadening component with broadening proportional to the field and frequency at which the measurement takes place. Therefore, by measuring line broadening at ultralow frequency (350 MHz) and significantly higher frequency (16 GHz), a change in line width is a direct measurement of disorder of the defects under measurement. The Fig. 7 measurements show that all MOSFETs show a change in line width from low to higher frequency, thus strongly suggesting that quite significant disorder is present at the SiC/SiO 2 boundary. One more conclusion may be drawn from the high and low frequency EDMR comparisons. The MOSFETs which received N 2 O + NO or NO processing exhibit significantly more broadening at low field. Both n-and p-MOSFETs that did not receive an NO anneal had line widths less than 2 Gauss; both the n-and p-MOSFETs that received N 2 O + NO or NO processing had line widths of about 3 Gauss. In each case, there is significantly greater broadening in devices that received N 2 O + NO or NO processing. Since broadening due to g is collapsed at low field, the broadening is almost certainly due to hyperfine interactions. This must come from the (greatly) increased presence of nearby nuclei with magnetic moments. Magnetic nitrogen nuclei are 100% abundant, nearly all with a nuclear spin of 1. The only reasonable candidate generated by N 2 O + NO processing or an NO anneal is nitrogen as virtually all oxygen nuclei are nonmagnetic [9] . This result provides more evidence that the N 2 O + NO processing and NO anneal introduces rather high concentrations of nitrogen in the near SiC/SiO 2 region of the SiC. The presence of near interface nitrogen centers has been mentioned in several studies by several different groups. Umeda et al. [8] and Aichinger et al. [30] have both reported on EDMR spectra of a nitrogen related center with g ⊥ ≈ 2.0008 and g ≈ 2.0047. Tuttle et al. [31] have recently proposed a model for such a paramagnetic site.
IV. CONCLUSION
EDMR measurements on 4H-SiC MOSFETs detect several defect spectra. One spectrum consists of a single line with anisotropic g = 2.0023 when the c-axis is perpendicular to the magnetic field suggesting a Si or C dangling bond. Another spectrum consists of two lines separated by about 11 Gauss which we attribute to a hydrogen complexed E-prime center, called the 10.4 Gauss doublet. A third spectrum is ubiquitous and is clearly due to Si vacancies in the SiC side of the interface. N 2 O + NO or NO processing greatly reduce the EDMR amplitude in both n-and p-MOSFETs for both the Si vacancy and 10.4 Gauss doublet. However, the great reduction in these two spectra is only correlated with a large increase in effective channel mobility in nMOSFETs, which is likely at least partially due to the nitrogen counterdoping effect. High and ultralow frequency EDMR comparisons strongly suggest that quite significant disorder is present at the SiC/SiO 2 interface and also quite strongly indicate that NO anneals introduce high densities of nitrogen in the SiC very near the semiconductor/oxide interface.
